In-plane tunneling measurements of superconductor-insulator-superconductor ͑SIS͒-type oxygen-deficient edge junctions made of YBa 2 Cu 3 O 6.6 as the superconductor and YBa 2 Cu 2.55 Fe 0.45 O y as the barrier are reported. Two types of junctions were prepared in which transport is either along the ͑100͒ or the ͑110͒ direction. The dynamic conductance dI/dV shows a gaplike structure in the ͑100͒ junctions, while a zero-bias peak is observed in the ͑110͒ junctions. At energies below ϳ2.5⌬ 0 the results were found to be consistent with the Blonder, Tinkham, and Klapwijk model, extended by Tanaka and Kashiwaya to the case of d x 2 Ϫy 2-wave superconductivity. At higher energies the behavior of the dynamic conductance is explained as due to a self-heating effect inside the junction. ͓S0163-1829͑99͒04745-1͔
In the past few years there has been an extensive effort to make tunneling measurements with YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒, in order to find the density of states, and to clarify the question of the symmetry of the pair potential in this material. Results of many tunneling experiments seem to show a predominant d x 2 Ϫy 2-wave symmetry of the pair potential. This leads to a change of sign in the phase of the order parameter each time the ͑110͒ or (11 0) directions are crossed. Theoretical studies of tunneling spectra based on the Blonder, Tinkham, and Klapwijk ͑BTK͒ model for d x 2 Ϫy 2-wave superconductors predict a gap structure along the principal ͑100͒ and ͑010͒ axes, while a zero-bias conductance peak ͑ZBCP͒ caused by Andreev-bound states on the surface is expected along the ͑110͒ and (11 0) directions. [1] [2] [3] In order to check these predictions, directional tunneling measurements in the a-b plane were made between normal metals and YBCO using scanning tunnel microscopy ͑STM͒, and pointcontact junctions. 4, 5 The conductance results of these measurements show the expected spectra of a superconductor with a predominant d x 2 Ϫy 2-wave order parameter. In these experiments there is no clear separation between the various transport directions. For instance, the STM measurements show a strong ZBCP in the ͑100͒ direction, and a weak gap structure in the ͑110͒ direction that indicates mixed contributions to the conductivity from various directions. Tunneling experiments in planar SIS junctions made of thin films had also been done, with the transport current along either the c axis, 6, 7 or the a-b plane. 8, 9 The dynamic conductance of these junctions show similar tunneling spectra in both directions, possibly because of the rough interfaces in these junctions.
To overcome these problems we decided to study tunneling junctions with an edge geometry in which the electrodes are made of oxygen-deficient YBa 2 Cu 3 O 6.6 . These junctions have a larger coherence length 0 , and smooth flat interfaces that can be made at any desired direction with respect to the crystalline axes in the a-b plane. Recently, we showed that these junctions can have either superconductor-normalsuperconductor ͑SNS͒ or SIS properties, depending on the specific junction parameters used in their preparation process, such as the barrier thickness and the edge angle. 10, 11 In the SNS-type edge junctions we were able to measure geometrical resonances resulting from interference of quasiparticles in the normal N barrier ͑McMillan-Rowell oscillations͒, 10 and in the superconducting S electrode ͑Tom-asch oscillations͒. 11 The ability to observe these interference effects indicates that the interfaces in our junctions are quite smooth and flat. In this study we focus on SIS-type edge junctions, with interfaces normal to either the ͑100͒ or the ͑110͒ directions. The measured dynamic conductance dI/dV of the ͑100͒ oriented junctions showed a gaplike structure, while a ZBCP was observed in the ͑110͒ oriented junctions. These results are consistent with the BTK formalism with a predominant d x 2 Ϫy 2-wave symmetry of the order parameter at energies below ϳ2.5⌬ 0 . At higher energies however, a monotonous decrease of the dynamic conductance was observed, which resulted from self-heating effects in the junctions at the higher bias currents.
Oxygen-deficient edge junctions with YBa 2 Cu 3 O 6.6 (T c ϭ60 K) as the superconductor, and YBa 2 Cu 2.55 Fe 0.45 O y as the barrier were prepared, as described in detail before. 11 A schematic diagram of the junction is shown in Fig. 1 . Briefly, the base electrode and the insulator were deposited onto a ͑100͒ SrTiO 3 ͑STO͒ wafer of 1ϫ1 cm 2 area by laser ablation deposition. Then using a waterless deep UV photolithographic process, we prepared the edge by Ar ion milling at an angle ␣ϭ36°, with excess milling into the substrate down to d sub ϭ70 nm. After this, a second deposition run 14 893 ©1999 The American Physical Society was carried out, in which a barrier, a cover electrode, and gold contact layers were prepared. The sample was then cooled down in flowing oxygen at 40 mTorr to obtain the 60 K phase. Finally, the sample was patterned into 10 junctions, each of 5 m width. The thicknesses of the base, barrier, and cover layers were 70, 20-30, and 70 nm, respectively. The dynamic conductance dI/dV of the junctions at 4.2 K was measured by direct differentiation of the I-V curves, using ac modulation dI, and a lock-in amplifier for the detection of dV. Typical results of the measured dynamic conductance in our junctions are shown in Fig. 2 . In Fig. 2͑a͒ the interface of the junction is normal to the ͑110͒ direction, while in Fig. 2͑b͒ the interface of the junction is normal to the ͑100͒ direction. One can see that the conductance in Fig.  2͑a͒ has a clear ZBCP, while in Fig. 2͑b͒ it has a gaplike structure with maxima at energies of about Ϯ5 meV. Spectra similar to those of Fig. 2 were observed before in STM experiments, where the tunneling conductance between a metallic tip and a YBCO single crystal was measured. 4, 5 However, unlike the previous results, the present data does not show mixing of orientations. Along the ͑100͒ direction there is only a gap structure without a ZBCP, and along the ͑110͒ direction we see the ZBCP without any gap structure. This results from the flatness of the interfaces in our junctions.
In order to analyze these results, we used the BTK formalism, 9 which was extended to include d x 2 Ϫy 2-wave symmetry by Tanaka and Kashiwaya. 2, 3 In a d x 2 Ϫy 2-wave superconductor the density of states ͑DOS͒ near the interface is affected by Andreev scattering of electronlike quasiparticles and holelike quasiparticles. In this process the pair potential can change sign, thus an electronlike quasiparticle that is injected or reflected at the interface might feel a different sign of the pair potential if the angle between the crystalline axes and the normal to the interface is not zero. As a result, zero-energy bound states can be formed near the interface, and give rise to a zero-bias peak in the conductivity. These ZBCP have maximum intensity when the transport is along the ͑110͒ direction of the nodes in the gap, and the angle between the principal axes of the superconductor and the normal to the interface is /4. We calculated first N(E) the DOS of the superconductor near the interface using the Tanaka and Kashiwaya model for the scattering processes described above. Then we used it to calculate the conductivity of the SIS junctions as follows:
where NN is the conductance of an NIN junction, and f (E) is the Fermi-Dirac distribution function. NN is given by
where Z represents the barrier strength. 1 The exact expression for N(E) is given by Eq. ͑52͒ in Ref. 3 . In order to fit our results to Eq. ͑1͒, we had to use a lifetime broadening parameter ⌫ that was first introduced by Dynes, as an imaginary part added to the energy E. 12 The best fits to our data are shown by the dashed curves in Fig. 3 . From these fits we obtained a barrier strength of Zϭ1, ⌬ 0 ϭ5 meV, and a broadening ratio of ⌫/⌬ 0 ϭ0.3. In Fig. 3͑b͒ one can see that the calculated conductance above about 30 meV is constant, while in our measurements the conductance is decreasing monotonously with the bias voltage. We attribute this effect to self-heating in the junction, which is caused by the high bias current. In the next paragraph we shall elaborate on how this heating leads to a decay of versus V that affects our data. In fact, we shall have to multiply the calculated conductance by a factor of ͓c/(cϩV)͔ 1.5 , where c is an empirical parameter, and V is the bias voltage. But before doing that we note that in Fig. 3͑a͒ at energies of 1-3 meV, and in Fig. 3͑b͒ , at energies of 10-25 meV the calculated conductance given by the dashed curves underestimats the experimental results. These discrepancies between the calculations and our experimental results seem to suggest that in our calculations we should have added an additional conducting channel in parallel to the original one, with conductivity 1 and pair potential ⌬ 1 that is larger than ⌬ 0 . Such a situation in which ϭa 0 (⌬ 0 )ϩb 1 (⌬ 1 ) where a and b are constants, can arise if we assume that in our junctions conduction occurs via two different kinds of parallel channels. A dominant one with oxygen-deficient electrodes and ⌬ 0 gap, and a subdominant one with locally well-oxygenated electrodes and ⌬ 1 gap. In the fits of our data we thus used ⌬ 0 ϭ5 meV, ⌬ 1 ϭ20 meV, b/aϭ1/6, and included also the self-heating factor. The results of these fits are plotted by the solid curves in Fig. 3 . Clearly, these fits are satisfactory, and in good agreement with the experimental data. We attribute the small value of ⌬ 0 ϭ5 meV to the fact that the cover electrode, which grows on the inclined part of the edge with exposed a-b planes on the opposite side to the barrier, suf- fers from defects and microcracks as was observed by others in many TEM studies. [13] [14] [15] These defects can serve as channels for oxygen migration out of the YBCO layer, which reduces the gap parameter of the cover electrode near the active area of the junction. In order to understand the origin of the larger gap ⌬ 1 , and to demonstrate the self-heating effect in our junctions, we shall analyze next the dynamic conductance of another set of junctions that were prepared without over milling into the substrate. Unlike the case of the previous junctions, in these junctions the active part of the cover electrode is protected, and has no exposed a-b planes that lead to the lower gap value ⌬ 0 .
A typical result of the dynamic conductance of a ͑100͒ oriented junction with d sub ϭ0 ͑see Fig. 1͒ is shown by the open circles in Fig. 4 . One can see that a d x 2 Ϫy 2-wave symmetry is consistent with it below 50 meV, with Zϭ1, ⌬ 1 ϭ20 meV, and ⌫/⌬ 1 ϭ0.3. Therefore, when the a-b planes of the cover electrode are well protected, we see only the well-developed gap ⌬ 1 ϭ20 meV. Above 50 meV the calculated conductance becomes constant, while our measured conductance is decreasing monotonically with the bias voltage. We attribute this behavior of the dynamic conductance, to thermal heating of the junction. The heat developed in the resistive part of the junction as a result of the current through it can be dissipated by conduction mainly via the YBCO electrodes. This is so because the electrodes have the largest contact area with the junction, and the largest heat conductance as compared to that of the STO substrate, and the ambient He gas. Therefore we can assume that to a first approximation, the heat conduction in the junction is one dimensional, and along the current path. This leads to a steady-state equation for the heat conduction in the junction at any given bias voltage V, which is given by
where V is the bias voltage on the junction, ⌬T is the temperature gradient between the junction and the liquid-He bath (⌬TϭT junction Ϫ4.2 K), is the thermal conductance of YBCO ͓1.5 W/cm K ͑Refs. 16 and 17͔͒, A is the crosssectional area of the junction, and L is the length of the electrodes. At 50 mV the current is 5 mA, thus the electric power in the junction is 0.25 mW. In our junctions A is 5 ϫ10 Ϫ9 cm 2 , and L is 5 m. Substituting these parameters in Eq. ͑2͒, we obtain a temperature increase of ⌬Tϭ17 K at 50 mV. We measured the dynamic conductance dI/dV of our junctions as a function of temperature, and found that above 50 meV, dI/dVϳ(⌬T)
Ϫn at constant V (ϳ75 mV), where n varies between 2 to 3. A typical result is shown in the inset to Fig. 4 to a significant reduction in the dynamic conductance dI/dV.
Substituting the relation dI/dVϰ(⌬T)
Ϫn in Eq. ͑2͒ yields
͑3͒
Assuming a power-law solution for Eq. ͑3͒ in the form of dI/dVϰ(V) m , we find that mϭϪ2n/(1ϩn), and for nϭ3 one obtains dI/dVϰ(V) Ϫ1.5 . Thus the self-heating effect can be included in our calculations of the dynamic conductance by multiplying the conductance of Eq. ͑1͒ by the factor ͓c/(cϩV)͔ 1.5 , where c is a constant. Using this model and a pure d x 2 Ϫy 2-wave order parameter with ⌬ 1 ϭ20 meV, we found that the best fit to our data is given by the solid curve in Fig. 4 (cϭ35 mV) . From the solid curves in Figs. 3͑b͒ and 4, one can see that the use of the self-heating effect is justified, as it describes well the behavior of dI/dV at higher bias voltages. We also checked the effect of possible additional s or is symmetry components in the order parameter up to 0.25 of ⌬ 1 , and found no significant changes in our fits.
Thus the present data does not support but also does not rule out either dϩs or dϩis symmetries of the order parameter.
In summary, we studied oxygen-deficient SIS-type edge junctions with YBa 2 Cu 3 O 6.6 electrodes. ZBCP was observed in the dynamic conductance of the ͑110͒ oriented junctions, while a gap structure was observed in the ͑100͒ oriented junctions. These results were found to be consistent with the extended BTK theory with a d x 2 Ϫy 2-wave symmetry of the order parameter. Our data supports two parallel conducting channels of the type ϭa 0 (⌬ 0 )ϩb 1 (⌬ 1 ), one with ⌬ 0 ϭ5 meV and another one with ⌬ 1 ϭ20 meV in one case, and a pure ⌬ϭ⌬ 1 in another case. We also found that a self-heating effect caused by the electric power dissipated in our junctions, affects the measured dI/dV at high bias currents.
